Olfactory learning in insects is a useful model for studying neural mechanisms underlying learning and memory, but memory storage capacity for olfactory learning in insects has not been studied. We investigate whether crickets are capable of simultaneously memorizing seven odour pairs. Fourteen odours were grouped into seven A/B pairs, and crickets in one group were trained to associate A odours with water reward and B odours with saline punishment for all the seven pairs. Crickets in another group were trained with the opposite stimulus arrangement. Crickets in all the groups exhibited significantly greater preference for the odours associated with water reward for all the seven odour pairs. We conclude that crickets are capable of memorizing seven odour pairs at the same time.
INTRODUCTION
The ability to memorize a number of odours is important for animals, especially for those that rely on olfaction for finding foods, such as rodents and many species of insects. Experiments with rats using twoodour go-no go discrimination tasks have demonstrated that they are capable of memorizing 16 (Lovelace & Slotnick 1995; Slotnick 2001) or 30 (Staubli et al. 1987) pairs of odours at the same time, with no sign of limitation of memory capacity. Many insects, including honeybees (Apis mellifera), fruit-flies (Drosophila melanogaster) and cockroaches (Periplaneta americana), have excellent olfactory learning (Menzel 1999; Heisenberg 2003; Watanabe & Mizunami 2006) , and they are used as models to study olfactory learning and memory and their underlying neural mechanisms (Menzel 1999; Heisenberg 2003; Unoki et al. 2005; Matsumoto et al. 2006) . However, as far as we know, no attempt has been made to examine the memory storage capacity, which is a fundamental feature used to characterize a memory system, in the learning of olfactory or other sensory signals in insects, except Reinhard et al. (2006) who demonstrated that honeybees are able to associate two different odours with two different feeding locations.
We have shown that crickets, Gryllus bimaculatus, have excellent capability of olfactory learning, characterized by fast acquisition, long retention and easy re-writing of memory (Matsumoto & Mizunami 2002; Matsumoto et al. 2006) . In this study, we examined whether crickets are capable of memorizing seven pairs of odours at the same time, using a classical conditioning and an operant testing procedure described previously (Matsumoto & Mizunami 2002) .
MATERIAL AND METHODS
Adult male crickets, G. bimaculatus reared in a 12 h light-dark cycle at 27G28C, were used for the experiments. Four days before the start of the experiment, crickets were placed in a container and fed a diet of insect pellets ad libitum, but they were deprived of drinking water to enhance their motivation to search for water. On the day of the experiment, they were individually placed in 100 ml glass beakers.
The conditioning procedure has been described (Matsumoto & Mizunami 2002) ; briefly, individual crickets were given differential conditioning trials to associate one odour with reward and another odour with punishment using 1 ml hypodermic syringes. A small filter paper attached to the needle of the syringe at 10 mm from its tip was soaked with odorant solution. The syringe used for appetitive or aversive conditioning was filled with water or 20% NaCl solution, respectively. For conditioning, the filter paper was placed within 1 cm of the cricket's head, and 2 s later, a drop of water or saline was passed to the mouth of the cricket. Figure 1 shows the time schedule of conditioning and odour preference tests. Fourteen different odorants (natural essences) were arbitrarily grouped into seven A/B odour pairs (figure 1, inset). The crickets were divided into two groups and they received two sets of differential conditioning trials with opposite stimulus arrangement: crickets in group 1 received conditioning trials to associate A odours with water reward and B odours with saline and those in group 2 received conditioning trials to associate B odours with water and A odours with saline for seven A/B odour pairs. The intervals between trials were 5 min. The conditioning trials for each of the seven odour pairs were performed at intervals of 90 min. The training was repeated for 4 consecutive days. After the cessation of training, each cricket was given a diet of insect pellets ad libitum in a beaker until it was subjected to an odour preference test.
One day after the cessation of 4-day training, relative odour preference was tested for each of the four odour pairs (A1/B1-A4/B4) at intervals of 2 h. On the next day, preference tests for the remaining three odour pairs (A5/B5-A7/B7) were performed at intervals of 2 h. The procedure for odour preference test has been described in detail in Matsumoto & Mizunami (2002) . On the floor of test chamber, there were two circular holes that connected the chamber with two odour sources. Each odour source consisted of a cylindrical plastic container containing a filter paper soaked with odorant solution covered with gauze net. Each cricket was allowed to visit odour sources for a 4 min test period, and the time the cricket spent at each source, i.e. the time that it probed the net top with its mouth, was measured cumulatively.
Relative odour preference of crickets in a given test was statistically evaluated by comparing the time each cricket spent at the rewarded odour source with that spent at the negatively reinforced odour source with Wilcoxon's test (WCX test). Figure 2a shows the relative odour preferences of group 1 crickets that received conditioning trials to associate A odours with water reward and B odours with saline punishment for seven odour pairs. They spent significantly more time at the positively reinforced odour source than at the negatively reinforced odour source for all the seven odour pairs (TZ0.0 in A1/B1 pair; TZ28.5 in A2/B2 pair; TZ45.0 in A3/B3 pair; TZ0.0 in A4/B4 pair; TZ50.5 in A5/B5 pair; TZ2.0 in A6/B6 pair; TZ1.0 in A7/B7 pair; p!0.001 for all the odour pairs, nZ31, WCX test). Figure 2b shows relative odour preferences of group 2 crickets that received conditioning trials to associate B odours with water reward and A odours with saline punishment. They also spent significantly more time at the rewarded odour source than at the negatively reinforced odour source for all the seven odour pairs (TZ0.0 in A1/B1 pair; TZ0.0 in A2/B2 pair; TZ24.0 in A3/B3 pair; TZ11.0 in A4/B4 pair; TZ24.0 in A5/B5 pair; TZ3.0 in A6/B6 pair; TZ0.0 in A7/B7 pair; p!0.001 for all the odour pairs, nZ28, WCX test).
RESULTS
The results indicate that crickets are capable of memorizing seven pairs of odours at the same time.
DISCUSSION
Olfactory learning in insects has proved to be a pertinent model for studying many aspects of learning and memory and their neural mechanisms (Menzel 1999; Heisenberg 2003 Figure 1 . The time schedule for training (Tr, black bars) and preference test (PT, white bars). Crickets were kept in 12 h light-dark cycle and they received training and preference tests in the photophase. The training session consists of two differential conditioning trials to associate A odour (hatched bar) with water (white square) and B odour (shaded bar) with saline (black square) (for group 1 crickets), or to associate B odour with water and A odour with saline (for group 2 crickets). The intervals between trials were 5 min. The conditioning trials were performed for seven odour pairs at intervals of 90 min (Tr-1-7). Training was performed on 4 consecutive days. One day after the cessation of 4 day training, odour preference was tested for A1/B1, A2/B2, A3/B3 and A4/B4 pairs (PT-1-4). On the next day, preference was tested for the remaining A5/B5, A6/B6 and A7/B7 pairs (PT-5-7). Sources of odorants (inset) were: Miyako Kosho (Tokyo, Japan) for peppermint essence; Kyoritsu Shokuhin (Tokyo) for vanilla essence; Narizuka (Tokyo) for banana, orange, melon and maple essences; Meijiya (Tokyo) for strawberry and lemon essences and Asaoka (Tokyo) for all other essences. group 2 (n = 28) Figure 2 . Odour preferences of (a) group 1 crickets (nZ31) that received conditioning trials to associate A odours with water and B odours with saline and (b) those of group 2 crickets (nZ28) that received conditioning trials to associate B odours with water and A odours with saline for seven A/B odour pairs. The time spent at the source of A odour (hatched bars) and that spent at the source of B odour (shaded bars) for each of the seven odour pairs are shown as meansCs.e. These were significantly different ( p!0.001, WCX test) for all the seven pairs in both groups.
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Since this learning was achieved by a relatively small number of conditioning trials, i.e. only eight conditioning trials for each odour, it is likely that olfactory memory capacity of crickets is still far from saturation. The studies in rodents using a two-odour discrimination task have demonstrated that rats are capable of memorizing 16 (Lovelace & Slotnick 1995) or 30 (Staubli et al. 1987) pairs of odours at the same time. It is argued that the rats may be equipped with a 'data' memory system to deal with a practically unlimited volume of olfactory memory, as are humans (Staubli et al. 1987) . It would be interesting to further examine to what extent olfactory memory capacity of insects approaches that of rodents.
Our finding that crickets possess a much higher storage capacity for odour memory than that known previously provides a hint that the basic organization of the neural system in processing and storing olfactory memory should be reconsidered. The studies in honeybees suggest that the antennal lobe (the primary olfactory centre) and the mushroom body (higher olfactory centre as well as multisensory centre) participate in olfactory learning (Menzel 1999) . The mushroom body of crickets consists of an unusually large number (50 000) of intrinsic neurons (Schü rmann 1973) , and thus, may be suited to processing and storing a large volume of odour memory. In contrast, the antennal lobe consists of a small number (approx. 1000) of neurons and may be less suited to processing and storing a large volume of olfactory memory, although this number of neurons may be sufficient for memorizing seven pairs of odours at the same time. Future study on the limitation of olfactory memory capacity of crickets may help to further elucidate the basic organizations of the neural system for olfactory memory storage.
The high capacity of olfactory memory storage in crickets found in this study may reflect their omnivorous feeding habit, as has been argued for rodents (Slotnick 2001) . Crickets usually feed on vegetables, fruits, fallen leaves and carcasses of small animals. Since the availability of their food items varies with seasons, they may test many potential food items to see whether they are edible or not. Therefore, a large capacity for odour memory may play a critical role in appropriate food selection, especially for nocturnal animals like crickets. Crickets are known to use cuticular contact pheromone for mating (Tregenza & Wedell 1997) , and it would be interesting to see whether crickets are capable of memorizing contract pheromone of individuals for mate choice.
A correlation between memory storage capacity and ecological requirements has been discussed for birds. Male song sparrows (Melospiza melodia), territorial songbirds that need to memorize many kinds of songs of conspecific males to defend territory, could learn up to 32 pairs of songs (Stoddard et al. 1992) , while Bengalese finches (Lonchura domestica), non-territorial songbirds that do not need to learn songs of conspecific males, learned only two to six pairs of songs, and the brain area possibly involved in the processing of song memory has been discussed (Ikebuchi & Okanoya 2000) . In food-storing birds that have vast capacity of visual spatial memory, it has been argued that the development of spatial memory is correlated with the increased size of the hippocampus (Sherry et al. 1992) .
Comparison of olfactory memory capacities in different species of insects with different feeding habits, as well as comparison of the development of olfactory centres in the brain, would be an interesting subject for the future study.
